oriented like an arrow and can produce a hair that points one way along the anteroposterior axis of the body. Planar polarity is usually concordant within a tissue, In Drosophila, the approach has been genetic: genes or cilia may beat in one way. This property implies that have been identified because mutations disturb hair and cells have information about their orientation; we wish bristle orientation. Several strategies have been used to to understand the nature of this information. Relevant study these polarity genes, and one strategy is to clone also is the body plan of insects, which, in the ectoderm them and find the products in the cell. In some cases, and somatic mesoderm, consists of a chain of alternatit has turned out that a product is briefly concentrated ing anterior and posterior compartments -basic units in part of the membrane; for example, on the same side of development with independent cell lineage and subfrom which a hair will be secreted. This approach has ject to independent genetic control. characterized the types of proteins involved and has Results: Using the abdomen of adult Drosophila, we hinted at their association with one another. For examhave taken genes required for normal polarity and either ple, products of genes such as diego (dgo), dishevelled removed the gene or constitutively expressed it in small (dsh), flamingo (fmi), and frizzled (fz) become transiently clones of cells and observed the effects on polarity.
For instance, the first could explain how polarity is orga-

Removal of the fj Gene in Clones
We label the clones genetically so that each cell of the nized in the tissue as a whole to give all cells a common orientation; the second might explain how polarity is clone can be distinguished from its neighbors. Within the A compartment, fj Ϫ clones are abnormal, but only determined in individual cells and coordinated with neighboring cells.
when they are located in approximately the front half of the compartment (Figures 2A and 2B) . Each cell typically We study the abdominal epidermis, a sheet of cells encompassing several segments, of adult Drosophila.
produces little groups of posteriorly pointing hairs arranged in neat mediolaterally oriented rows ( Figure 2B ); Each segment is subdivided into an anterior (A) and a posterior (P) compartment. The secreted protein Hedgebut, within affected fj Ϫ clones, the rows of hairs are jumbled (Figure 2A) . Also, the hair orientation is dishog (Hh), which travels from P to A cells, is responsible for organizing the pattern of cell differentiation as well turbed, with most of those at the back of the clone, and the wild-type hairs behind it, being reversed ( Figure 2A ). as planar polarity [13] [14] [15] [16] [17] [18] .
Our impression is that, the further anterior the clone, the more disturbance within and the more reversal of Results and Discussion hair polarity behind. In the posterior part of the A compartment, removing fj from clones has no effect on the Four-Jointed and Polarity orientation and arrangement of hairs; all such clones Fj is a type II transmembrane glycoprotein that may be are exactly like controls in which only the marker gene, cleaved and secreted [19] . There is a vertebrate homolog pwn, is missing ( Figure 2B ). [20] . Both in the fly eye and in the wing, it is expressed
The effects of fj Ϫ clones on polarity in the P compartin a graded manner [19, [21] [22] [23] . Studying clones ectopiment can only be assayed in the p3 territory -because cally expressing fj in the wing, Zeidler and colleagues only p3 cells make hairs, while p2 and p1 cells are bald concluded that the orientation of hairs is reversed distal ( Figure 1A ). Some clones in the p3 territory form dishevto some clones, and this finding suggests that neighelled and incorrectly polarized hairs; however, most apboring cells point toward the ectopic source of Fj, that pear normal. We found no clear cut cases of non-autonis up the presumed gradient of Fj. However, they also omous effects outside these P clones. Note that the p3 looked at the abdomen, where cells make hairs that region is remote from the presumed peak of Fj near the point posteriorly. Here, they found that clones expressfront of the A compartment. ing Fj reverse the polarity of abdominal hairs anterior to Thus, endogenous Fj activity production appears to the clone, as if the hairs were pointing away from the be required in the front half of the A compartment. In source of ectopic Fj and down the presumed gradient.
this region, clones of fj mutant cells cause surrounding The results on the wing and abdomen, therefore, appear cells to make hairs that point inward, and this suggests to differ in sign [23] .
that the hairs point down the gradient of Fj protein (see Figure 3 ).
Expression of a fj Enhancer Trap
To find where Fj is expressed relative to the A and P Clones that Ectopically Express Fj Protein compartments of the abdomen, we used a fj.lacZ transWe have used various Gal4/UAS and G80 techniques gene [21] . In the dorsal epidermis, which forms the terto make marked clones of cells that produce ectopic Fj gite ( Figure 1A) , expression is concentrated both in the protein. Different levels of Fj expression were achieved bristled portion of the A compartment [22] (the a3-a5 with two Gal4 drivers of different strengths. territories; Figure 1A ) and in the most anterior portion
In the A compartment, clones of cells in which UAS.fj of the A compartment (a1-a2). Strong expression is obis expressed under the control of the weaker driver (abx/ served in the sternite, which also forms bristles. Howubx.Gal4) cause a polarity phenotype when they are ever, the remainder of the ventral epidermis forms located in the back of A, but not when they are elsepleura, a lawn of cells that secretes only hairs, and here where. Within the clone, there are whorls, and these can the pattern of expression is simple: there is a band of extend outside the clone in the anterior, but not the staining near the front of the A compartment ( Figure 1D) . posterior, direction. Note that this is opposite to the One attractive interpretation is that the fj.lacZ transgene phenotype of the fj Ϫ clones in two ways: first, UAS.fj may pick up extraneous enhancers active in bristly (neuclones cause polarity changes if they are at the back of rogenic) cuticle; therefore, we only see the "true" Fj the A compartment, while fj Ϫ clones cause changes only pattern in the nonneurogenic pleura. This is attractive at the front. Second, fj Ϫ clones cause a reversal of polarbecause it is consistent with the following independent ity behind the clone, while UAS.fj clones alter polarity in data suggesting that there is a gradient of Fj activity, front. Clones within the P compartment appear normal. with its peak at the front of A.
With the stronger driver (tub.Gal4), the phenotype is more definite; there are few whorls, and, instead, the hairs are reversed within the anterior part of the clone, The Abdomen in Flies Mutant for fj Flies that lack fj activity in all cells show some effects and this reversal extends anterior to the clone itself ( Figures 2C and 2D ) [23] . These non-autonomous effects on pattern [19] . In the abdomen, there is some dishevelment of hairs and bristles, but only in the anterior can spread as much as 6 or 7 cell diameters. This effect is found over most of the A compartment and includes portion of the A compartment (in a2 and a3, Figure 1A ). It seems, therefore, that planar polarity is specified almost clones in the anterior region of the bristled cuticle (a3) that cause extensive reversal anterior to them (in a2) normally in the absence of Fj. fects (and maybe the ectopic Fj protein) can cross over the parasegment boundary from A to P. In the P compartments, these UAS.fj clones are also associated with polarity reversals. But here, consisNow consider clones at the front of P; these clones would be expected to reverse the P cells behind them, tently, hairs within the back half of the clone as well as hairs behind are reversed and now point anteriorly and they do. However, they might also be expected to reverse the cells in the A compartment in front of them, ( Figure 2E ). This contrasts with effects of UAS.fj clones located at the other side of the A/P boundary in the but they do not ( Figures 4B and 4D ). Perhaps polarity effects crossing over from P to A are blocked [13] . Some posterior of the A compartment (in the a6, a5, a4, and a3 territories). In this case, hairs in the anterior half of rare clones may give some insight ( Figure more whorly than with fj-expressing clones. Thus, apart from the whorls, ds Ϫ clones are reminisOpposite Effects of dachsous and fat cent of UAS.fj clones; both cause non-autonomous reon Polarity in A and P versals in opposite ways in the A and the P compartWe have found two other genes that resemble fj with ment. Accordingly, Ds, like Fj, may form opposing regard to compartment-specific effects: dachsous (ds) gradients in A and P, each being interpreted with oppoand fat (ft). In both cases, UAS transgenes cannot be site signs. Because loss of Ds activity mimics gain of Fj easily made, so we have studied only the effects of activity, we deduce that the gradients of Fj and Ds activremoving the gene.
ity are reciprocal to each other (Figure 3 ), a conclusion dachsous, ds that fits with the expression pattern of both genes in Ds is a giant integral membrane protein with many cadhthe pleura (Figures 1C and 1D ). erin domains [25] , and there is a vertebrate homolog fat, ft [26] . We have monitored ds gene expression using a Like ds, ft encodes a huge molecule with many cadherin ds.lacZ transgene. In each segment of the tergites, repeats [28] , and as with ds, null mutant flies do not ds.lacZ is expressed in one band per metamere with a develop. A vertebrate homolog has been defined [29, peak near the A/P border that extends into both com-30]. The mutant imaginal discs grow excessively, and partments ( Figure 1B ). This single band is more clearly there are some effects on the polarity of bristles [31] . apparent in the pleura and appears to be centered in a Clones of ft Ϫ cells in otherwise wild-type discs are abnormore anterior location than in the tergite or sternite (Figmally large [28] ; in the abdomen, these clones tend to ure 1C).
be creased, as if they were trying to grow beyond their ds Ϫ flies are lethal, but some hypomorphic mutants normal compass. survive to adulthood with defective limbs -the tarsi In the A compartments of the tergites, ft Ϫ clones tend show polarity defects [27] . In the abdomen of these flies, to disturb and reverse polarity behind the clone ( Figure  the anterior parts (a2, see Figure 1A ) of the A compart-6A), while, in the P compartments, they tend to reverse ments are fairly normal, but much of the rest of the A in front ( Figure 6B ). Thus, ft Ϫ clones, like ds Ϫ and fj Ϫ and P compartments is affected by whorls. Remarkably, clones, have opposite effects on polarity in A and P. hair orientation in the back half of the P compartments, When the ft Ϫ clones are near the A/P boundary, they both dorsal and ventral, is reversed ( Figure 5A) . behave as would be expected from the provenance of In the tergites, ds activity then represses Ds activity and reinforces this gradient of Ds in the abdomen is reciprocal to that of Ft activity, consistent with the model proposed for the reciprocity. In turn, the Ds gradient then patterns the activity of Ft, which is ubiquitously expressed. Finally, eye. These parallels suggest that the three genes are part of a mechanism common to the eye and abdomen the gradient of Ft activity promotes the activation of Fz in the more equatorial cell and directs it to become the and presumably elsewhere. R3 cell, while the more polar cell becomes the R4 cell [34] [35] [36] [37] .
Developmental Compartments and Polarizing Signals Our present results point to parallels between the action of Fj, Ds, and Ft in the eye and abdomen. In both Our results argue that, in the abdomen, the compartmental provenance of responding cells is crucial. This cases, a morphogen (Wg in the eye, and Hh in the abdomen) appears to govern polarity through the induction is particularly clear for clones that either lack or overexpress fj. We find that, in the A compartment, hairs point of reciprocal gradients of Fj and Ds expression. Further, in the abdomen, Hh organizes polarity at least in part down gradients of Fj activity, while, in the P compartment, they point up. This discovery can help explain through the induction of Wg [13] . Hence, as in the eye, peak Wg activity occurs where fj is repressed and where how all cells in the abdominal epidermis make hairs that have the same polarity, even though, in both compartds is expressed. Finally, our results suggest that the ments, the gradients of Fj and Ds decline in opposite flected gradients that pattern both compartments [38, 39] . In the abdomen, Hh also induces Wg (in the tergites directions (Figure 3) . However, it presents other problems. and sternites) and Dpp (in the pleura). At least in the tergites, Wg then spreads posteriorly from its source at One problem is that we previously proposed that Hh drives polarity by inducing a gradient morphogen, X, the back of the A compartment to induce omb and specify cell pattern in the P compartment. Thus, the comwhose slope specifies polarity [13, 17] . The model is that Hh enters the A compartment from the P compartment bined activities of Hh in A cells, and of Hh-induced Wg moving back into P cells, generates a zone of Omb behind it and acts through wg and optomotor blind (omb) to induce X. For simplicity, we conjectured that expression spanning the A/P boundary [13] . We now suggest that this band of Omb organizes the reflected X might form a monotonic gradient, spreading forward from its peak at the back of the A compartment all gradients of Ds and Fj, which in turn, through Ft, help polarize the cells. Thus, the combined actions of Fj, the way to the front of the P compartment of the next segment [13] . According to this conjecture, all cells in Ds, and Ft might constitute what we have previously called X. both A and P make structures that point posteriorly because all respond to the common vector of a monoAnother problem is raised by our finding that cells in the A and P compartments interpret the polarizing tonic gradient of X.
However Fz can cause local reversals in hair polarities that propagate a few cell diameters beyond the clone borders [8,
